Introduction
Environmental pollution due to gasoline or other petroleum products in the soil around refinery plants as well as around various places where petroleum is regularly used is an important environmental issue.
Gasoline consists of hundreds of compounds, divided broadly into paraffins, olefins, and aromatics. [1] [2] [3] In Japan, the Central Environment Council under the Ministry of Environment has adopted guidelines for countermeasures against oil contamination, 4 where a gas chromatograph combined with a flame ionization detector (GC-FID) has been introduced as one of the analytical techniques for total petroleum hydrocarbons. However, GC-FID and other simple analytical methods make it difficult to selectively detect the analytes in real samples that contain numerous unknown contaminants. Therefore, analytical techniques that would allow selective and simultaneous measurement are highly desirable for the evaluation of oil-contaminated soils. GC combined with time-of-flight mass spectrometry (GC/TOFMS) has been widely used for environmental analysis. [5] [6] [7] In TOFMS, several ionization sources are in use: electron ionization (EI), 8 single photon ionization (SPI) with vacuum ultraviolet (VUV) photons, [9] [10] [11] [12] [13] and multiphoton ionization (MPI) with ultraviolet (UV) photons. [13] [14] [15] [16] MPI/TOFMS combines a high selectivity for aromatic compounds with a high tolerance to contamination. 17, 18 In environmental analysis, both content and concentration in real samples are, of course, unknown before measurement. Therefore, it is difficult to decide whether GC could be applied to a real sample. In other words, even if the soil sample is pretreated, when it is measured by GC for an extended period of time, signal saturation and contamination of the equipment might occur by the injection of highly concentrated analytes and/or other components, or perhaps only a small number, or no, peaks might be obtained by a low concentration of analytes. Therefore, it would be desirable to have the ability to approximately, but rapidly, ascertain the concentration of analytes before the GC measurement. This is in good agreement with work from the field of environmental cleanup, e.g., bioremediation, where an approximate, but rapid, understanding of the degree of pollution guides judgment of the proper cleanup procedure. MPI/TOFMS using a nanosecond laser is a candidate for this purpose due to the high selectivity and robustness. In the present study, MPI/TOFMS was developed for the rapid analysis of gasoline in soil samples. Moreover, GC/MPI/TOFMS was applied in a simultaneous analysis, and the potential advantage of applying this method was examined.
Experimental

Chemicals and sample preparation
Standard gasoline was purchased from Tokyo Kasei Kogyo (S0429, Reference Material of Gasoline Components Certified by The Japan Petroleum Institute). The gasoline was diluted to 10 ng/μL with hexane. Soils were collected from the coppice vicinity of the University of Fukui. The soil was sufficiently dried in preparation for storage of at least a few days, and 10 mL of hexane was added to 1 g of the soil. In addition, 0.1 mL of gasoline solution was added to 1 g of the soil, followed by shaking for a few minutes, and then 10 mL of hexane was added. The sample was treated for ca. 10 min in an ultrasonic bath, and was filtered by filter paper. A certain volume of the gasoline extracted from the soil was mixed with the same volume of p-chlorophenol (10 ng/μL in hexane), resulting in an adjustment of the concentration of 5 ng/μL of gasoline and p-chlorophenol, respectively. In addition, distilled Multiphoton ionization/time-of-flight mass spectrometry (MPI/TOFMS) was modified for the rapid analysis of gasoline-contaminated soil. This technique uses a nanosecond laser emitting at 266 nm, and has the potential to produce the mass spectrum for gasoline 30 min after sampling. The rapidity and robustness of the method can be applied to the screening of gasoline-contaminated soils while minimizing the risk of contamination when gas chromatograph (GC) is used. GC/MPI/TOFMS was used for a simultaneous determination of aromatic compounds of gasoline in a soil sample, and this was achieved without interference. A peak for toluene can be observed from 0.02 ng of gasoline, and ten peaks of aromatic hydrocarbons, which are sensitive to measurement by a laser, can be observed from 0.65 ng of gasoline. The MPI/TOFMS had good sensitivity and selectivity, and was therefore useful for the rapid analysis of gasoline-contaminated soils. water was added to some of the dried soil in a weight ratio of 1:10, respectively, and a gasoline solution extracted from the wet soil was prepared by the above-described procedure.
MPI/TOFMS
For a simple and rapid analysis of gasoline, a sample-introduction system was constructed, as shown in Fig. 1 . A deactivated fused-silica capillary column (A) (30 cm long, 100 μm i.d., 375 μm o.d.; GL Sciences) was connected to a TOFMS, and another capillary column (B) (40 cm long, 320 μm i.d., 450 μm o.d.; Agilent Technologies) was connected using a capillary mini union (MVSU/005; GL Sciences). A sample solution was held by the other capillary column (C) (100 μm i.d., 200 μm o.d.; Agilent Technologies), the volume of which was calculated as ca. 0.02 μL. Then, the capillary column (C) was inserted into column (B). Column (C) was restricted to allow insertion into TOFMS via a mini union. In fact, when column (C) was directly inserted into column (A) with a larger inner diameter than the outer diameter of column (C), column (C) was sucked into the vacuum chamber, which potentially damages a TOFMS. The sample was heated at 230 C by a heater, and rapidly introduced into a linear-type TOFMS using air as the carrier gas. The MPI/TOFMS used in the present study has been reported in detail elsewhere, 19, 20 and is now commercially available (HGK-1; Hikari-GK, Fukuoka, Japan). The fourth harmonic emission of a nanosecond Nd:YAG laser (266 nm, 4 ns, ~50 μJ, 10 Hz, GAIA II; Rayture Systems) was used as an ionization laser. The laser beam was focused using a plano-convex lens with a focal length of 200 mm. The induced ions were accelerated by voltage delivered in two stages, and were detected using a microchannel plate detector (MCP, F4655-11; Hamamatsu Photonics) after passing through a flight tube (60 cm). The ion signals were recorded using a digitizer (Acqiris AP240; Agilent Technologies). The data were analyzed and processed using a homemade program written in LabVIEW (National Instruments).
GC/MPI/TOFMS
A GC/MPI/TOFMS system was applied to the comprehensive analysis of aromatic compounds of gasoline. A GC (7890A, Agilent Technologies) equipped with an auto sampler (G4513A, Agilent Technologies) was connected via a heated transfer line (270 C) to the TOFMS. A 1-μL sample solution was injected into the GC at 270 C in a pulsed-splitless mode. The analytes were separated by an HP-5 capillary column (30 m long, 320 μm i.d., 0.25 μm film thickness; Agilent Technologies). Helium was used as the carrier gas at a constant flow rate of 1 mL/min. The GC oven was programmed from 30 C (10 min hold) to 200 C at a rate of 5 C/min, and to 250 C at a rate of 10 C/min, where it was held for 1 min. The MPI/TOFMS conditions were similar to those described in the previous section. A set of two-dimensional data was averaged using a two-dimensional moving average filter with a 5 × 5 window.
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Results and Discussion
Rapid analysis of gasoline by MPI/TOFMS
MPI/TOFMS produced a simple and rapid analysis of the gasoline solution. Figure 2 shows the mass spectrum for gasoline, averaged over 80 laser shots (i.e., a 8-s average). An example of the mass spectrum for standard gasoline, as shown in Fig. 2(a) , showed intense peaks originating from toluene (C7H8), xylene isomers (C8H10), and propylbenzene isomers (C9H12), respectively, as observed using a nanosecond laser for ionization. However, benzene (C6H6), which is also present in high concentrations, was less apparent, because the laser wavelength of 266 nm used in the present study is longer than the longest wavelength for the excitation of benzene. 18 The mass resolution of 100 at m/z = 120, obtained in Fig. 2 , was poorer than that of the 200 that was obtained as a result of the GC/MPI/TOFMS, shown in Fig. 3 in the following section. The reasons were (i) the solvent (hexane) as well as the analyte molecules were simultaneously introduced into the vacuum chamber, resulting in a temporary deterioration of the degree of vacuum, and (ii) due to the space charge effect by a large number of ions at a high concentration. Figure 2 (b) shows the mass spectrum for gasoline extracted from a soil sample. The peak shape was not different from that observed in Fig. 2(a) , though the peak height was slightly decreased. There were two possible reasons: one was a reflection of the recovery of gasoline components from the soil sample, as will be described later; the other was in the present sample introduction, since the volume of the sample solution was difficult to identify for each measurement, though it could be solved by the addition of internal standard compounds. In either case, without GC or internal standards, an approximate concentration of gasoline based on three intense peaks was understandable by using MPI/TOFMS. Less than 30 min were required to obtain a mass spectrum after the addition of hexane to a sample preparation. A capillary column that becomes contaminated can be easily replaced, which shows that the present technique is useful for the measurement of real samples. For instance, we can quickly evaluate whether the purification of gasoline-contaminated soils properly proceeds in bioremediation, or can avoid the risk of contamination of GC, which is a powerful tool for use in environmental analysis.
Simultaneous determination of gasoline by GC/MPI/TOFMS
GC combined with MPI/TOFMS provides two-dimensional data on the retention time and the flight time, which permits the simultaneous determination of components. Figure 3(a) shows a two-dimensional display for standard gasoline, in which 47 aromatic compounds, the maximum m/z of which is 208 (the candidate formula is C16H16), can be detected using 266-nm nanosecond laser radiation. In GC-FID for the analysis of gasoline, as specified in the protocol provided by the Japanese Industrial Standard (JIS K 2536-2), the reported compound having the highest mass is methylnaphthalene (C11H10, m/z = 142) among aromatic hydrocarbons, or tetradecane (C14H30, m/z = 198) even among all compounds. 21 Therefore, the GC/MPI/TOFMS system can provide the peaks of compounds with a higher mass. Figure 3 (b) shows a two-dimensional display of gasoline extracted from a soil sample where the only peaks observed were those for the gasoline that was obtained in Fig. 3(a) . We also measured a sample solution extracted from blank soil without the gasoline; as expected, no peaks were observed (data not shown). The results either suggest the selectivity of 266-nm nanosecond laser ionization, or the soils used in the present study contained no other contaminants that were ionized by the laser. Then, the measurement of a mixture of gasoline extracted from a soil sample was demonstrated using p-chlorophenol as an example of a contaminant. As shown in Fig. 3(c) , the peaks of gasoline as well as those of p-chlorophenol were certainly detected, and, therefore, environmental soil samples contaminated with gasoline and other pollutants of concern can be measured using this method. In particular, the nanosecond UV laser used in the present study can selectively ionize aromatic compounds. Meanwhile, aliphatic compounds would be detectable by using a femtosecond laser 22 or VUV photons, 9-13 although it is conceivable that the evaluation of gasoline in soil is rather difficult due to the appearance of a great number of peaks arising from compounds in the absence of any pretreatment.
Though the regulation value of gasoline in soil has not yet been decided in Japan, the limit of quantification of GC-FID for total petroleum hydrocarbons in soil has been set at 100 mg/kg (= 100 μg/g). However, the results of the GC/MPI/TOFMS used in the present study were sensitive enough that the aromatic compounds of gasoline extracted from the soil sample, as shown in Fig. 3(b) , were calculated to have a concentration of 10 ng/g. The limits of detection (LOD) for several compounds found in standard gasoline are given in Table 1 . The LOD means that the peak for each compound can be observed, providing a signal-to-noise ratio of 3, when the mentioned amount of gasoline listed in Table 1 is injected into GC/MPI/TOFMS. For example, toluene can be measured when 1 μL of gasoline, the concentration of which is 0.02 ng/μL, is injected; 0.65 ng of gasoline is required to obtain ten peaks that can be clearly observed using a laser. The sensitivity would be further improved through the use of a high-repetition-rate UV laser, or a. The LOD means that the peak for each compound can be detected, providing a signal-to-noise ratio of 3, when the mentioned amount is injected into GC/MPI/TOFMS. through the use of a nozzle for sample introduction based on online concentration by analyte adsorption/laser desorption (online COLD). 23 In future study, several soil samples that have been contaminated by gasoline should be measured to evaluate the present technique.
It should be noted that the signal intensities of gasoline extracted from a soil sample (Fig. 3(b) ) were slightly smaller than those for standard gasoline (Fig. 3(a) ). Table 1 also shows the ratio of the signal intensities for standard gasoline to those of gasoline that was extracted from a soil sample, and an average of 13 components was calculated to be 88%. The reason for the decrease in the signal intensities was due mainly to a series of samples prepared for the present study, i.e., the gasoline was added to the soil and shaken for a few minutes, and some portion of the gasoline was vaporized when hexane was added. However, in the case of real sample analysis, hexane can be immediately added to collected soil samples, and therefore the influence from the vaporization of gasoline can be minimized. In this case, the influence of water in soil on the obtained results should also be taken into account. In the present study, GC/MPI/TOFMS was applied to the analysis of moist soil samples, and no bad influence was confirmed in the twodimensional display, as shown in Fig. 3(d) . Therefore, moist soil samples also are measurable by the present technique, with no requirement for drying or cleanup processes, which apparently results in poor recovery. Such a simple sample preparation also allows the rapid analysis of real samples, even in GC/MPI/TOFMS.
Conclusions
In the present study, the ability to rapidly analyze gasoline in soil samples was confirmed. With MPI/TOFMS using a 266-nm nanosecond laser, the degree of gasoline pollution in a soil sample can be rapidly estimated using the peaks for toluene, xylene isomers, and propylbenzene isomers. The data can be used to screen real samples, and to quickly evaluate whether the sample solutions can be injected into GC. In GC/MPI/TOFMS, the aromatic components of gasoline extracted from a soil sample were selectively detected using no complicated pretreatments. Due to the high volatility of gasoline, the poor recovery that arises as a result of repeated cleanup procedures is understandable. However, using the present simple sample preparation, GC/MPI/TOFMS allowed for the determination of gasoline in soil samples with sufficient recovery, even when the soil samples contained other pollutants or moisture. Therefore, the present approach is a useful method for the rapid analysis of gasoline in a real sample.
